Patterning of the limb is coordinated by the complex interplay of three signaling regions: the apical ectodermal ridge (AER), the zone of polarizing activity (ZPA), and the non-ridge limb ectoderm. Complex feedback loops exist between Shh in the ZPA, Bmps and their antagonists in the adjacent mesenchyme, Wnt7a in the dorsal ectoderm and Fgfs in the AER. In contrast to the previously reported complete absence of digits in Shh 2/2 mice, we show that one morphologically distinct digit, with a well-delineated nail and phalanges, forms in Shh
Introduction
Three-dimensional patterning during limb outgrowth is organized by the complex interplay of important signaling molecules along three distinct axes: proximal±distal (P±D), anterior±posterior (A±P) and dorsal±ventral (D±V). Regulatory signaling factors are generated in three signaling regions of the limb: apical ectodermal ridge (AER), zone of polarizing activity (ZPA), and non-ridge limb ectoderm. Outgrowth in the P±D dimension primarily depends on Fgf signaling from the AER (Niswander et al., 1993 (Niswander et al., , 1994b . Fgf signaling is thought to maintain the proliferative potential of cells in the underlying mesenchyme, called the progress zone (PZ) (Saunders, 1948; Summerbell, 1974) . Proliferation of cells in the PZ leads to elongation of the limb bud, with cells leaving the PZ proximally. Another major signaling center of the limb, the ZPA, is located at the posterior margin of the limb bud in close proximity to the AER. The ZPA directs A±P patterning via Shh signaling (Chang et al., 1994; Lopez-Martinez et al., 1995; Riddle et al., 1993) . Patterning along the D±V axis relies on choreographed interactions of regulatory molecules that include Wnt7a (Parr and McMahon, 1995) in the dorsal limb ectoderm, Lmx1b (Chen et al., 1998) in the dorsal limb mesenchyme and En1 (Cygan et al., 1997; Loomis et al., 1996 Loomis et al., , 1998 in the ventral limb ectoderm.
Outgrowth of the vertebrate limb results in the proximalto-distal directed formation of the stylopod (humerus or femur), zeugopod (radius/ulna or tibia/®bula) and autopod (carpals/tarsals, metacarpals/metatarsals and phalanges). This has been demonstrated by AER removal at progressively later time points during limb development which results in subsequently more distal limb truncations (Saunders, 1948; Summerbell, 1974) . Signi®cantly these truncations can be largely rescued by the application of Fgfs, some of which are normally expressed in the AER (Crossley et al., 1996; Fallon et al., 1994; Mahmood et al., 1995; Niswander and Martin, 1992; Niswander et al., 1993) . The autopod of most tetrapods forms as a pentadactyle handplate (Shubin and Alberch, 1986) . The width of the handplate and therefore the total number of digits formed is tightly correlated with the A±P length of the AER (Laufer et al., 1994; Martin, 1998; Niswander et al., 1994b) .
Maintenance of Fgf expression is thought to be regulated by a positive feedback loop between Fgf signaling in the AER and Shh expression in the ZPA (Moon et al., 2000; Niswander et al., 1994a; Sun et al., 2000; Zuniga et al., 1999) . There is also evidence that signaling from the dorsal ectoderm is required to maintain Shh expression. Speci®-cally, a decrease in Shh secreting cells of the ZPA has been described in Wnt7a-de®cient mice (Parr and McMahon, 1995) and removal of Wnt7a-secreting dorsal ectoderm in chicken embryos results in loss of Shh expression (Yang and Niswander, 1995) . Of the three Hedgehog (Hh) genes in mouse, Shh, Indian hedgehog (Ihh) and Desert Hedgehog (Dhh) (Bitgood and McMahon, 1995; Echelard et al., 1993) , only Shh is known to play a role in ZPA function, while Ihh plays a later role in bone development (Karp et al., 2000; StJacques et al., 1999) . In the mouse forelimb, Shh is expressed in the posterior mesenchyme from embryonic day E9.75 until E12.5 (Echelard et al., 1993; Platt et al., 1997) . Ectopic expression of Shh in anterior limb domains results in preaxial mirror image duplication of digits, indicating Shh plays a major role in setting up the A±P polarity of the limb (Liu et al., 1998; Riddle et al., 1993; Yang et al., 1997) . In contrast, absence of Shh function in the limb has been described to result in the loss of distal limb structures (Chiang et al., 1996) . More speci®cally, Shh 2/2 mice were reported to display a complete absence of digits (Chiang et al., 1996) . In the forelimb, radius and ulna were described as being either absent or fused with the humerus, and no cartilage was detected where the abnormal forelimb bone bent (Chiang et al., 1996) . Furthermore, tibia and ®bula were found to be completely lost in the more severely affected hindlimbs (Chiang et al., 1996) .
It has been shown that 5 H (posterior) members of the Hoxd and Hoxa genes are involved in determining the positional fate of mesenchymal cells in the limb bud (Davis and Capecchi, 1994; Dolle et al., 1993; Fromental-Ramain et al., 1996; Sordino et al., 1995) and consequently regulating digit number and size in a dose dependant manner (Duboule, 1994; Knezevic et al., 1997; Zakany et al., 1997) . Thus it appears, that in addition to a Fgf/Shh feedback loop, a Hoxd/ Shh regulatory cascade is also critical (Knezevic et al., 1997; Mackem and Knezevic, 1999; Zakany et al., 1997; Zuniga et al., 1999) .
In this report we provide detailed histological and molecular data that delineate the requirements for Shh in limb development. In contrast to previous studies, we demonstrate that zeugopodal elements do develop in both foreand hindlimbs, but are severely malformed and shortened in the hindlimb. Furthermore, we show that Shh 2/2 hindlimbs develop some distal limb structures including a single well-delineated nail and associated phalange-like elements. We suggest that Ihh, which is expressed at the digit tip, likely enables formation of these distal elements in Shh mutants. Our results suggest a re®nement of the current models of how the AER and ZPA impact on P±D and A±P limb outgrowth. Finally, we also show that in Shh mutants the ectoderm of the limb does not grow out to envelop the bones of the appendicular (limb) skeleton correctly.
Results
2.1. Distal skin structures (nails and pads) are present in Shh 2/2 limbs
We observed that the limb rudiments attached to the body wall of E18.5 Shh 2/2 embryos resembled single protruding digits (Fig. 1A,B) . One of the most striking features visible on gross inspection of Shh 2/2 hindlimbs was a nail-like structure at the tips. Similar to a wild-type nail, this putative nail structure was smooth and re¯ected incident light (Figs. 1B,C). Nail development in mouse can ®rst be discerned around E15.5, when the proximal and lateral nail folds invaginate (Chapman, 1986) . Between E15.5 and 17.5 the nail plate begins to grow out from the proximal fold. In Shh 2/2 hindlimbs at E18.5, the morphological boundaries of the nail, de®ned by the lateral and proximal nail folds, are readily identi®ed, suggesting that early phases of nail development initiate appropriately in Shh 2/2 embryos (Fig. 1B,  arrows) . A similar but less well-developed nail structure was observed on the tips of Shh 2/2 forelimbs (data not shown). In hematoxylin/eosin-stained histological sections through the tip of Shh 2/2 hindlimbs the invagination of the proximal nail fold was visible (black arrow in Fig. 1D ,E). The Shh 2/2 forelimb nail plate (Fig. 1F , red arrow) is less well developed compared to the hindlimb and control nail plates (Fig. 1D,E) . Finally, the shape of the Shh 2/2 hindlimb nail was slightly aberrant; it was¯atter and more medially restricted than a typical perinatal wild-type claw (Fig.  1B,C) . Shh 2/2 embryos die perinatally due to severe malformations of the brain and other critical organs (Chiang et al., 1996) precluding postnatal terminal nail development. Therefore, we undertook immunohistochemical studies to demonstrate the presence of proteins speci®c for differentiating nail plate cells at the tips of E18.5 Shh 2/2 limbs. Using the monoclonal antibody AE13 (Lynch et al., 1986) , which is speci®c for nail/hair-type`hard' keratins, we identi®ed such keratins in the epidermal cells overlying the distal tip of Shh 2/2 limbs, demonstrating that nail differentiation initiated normally in Shh mutants. We observed strong immunoreactivity of AE13 at the distal tip of E18.5 Shh 2/2 hindlimbs (Fig. 1H ). Sections of hindlimbs of age matched control littermates revealed a similar distribution of nail/hair type keratins over the dorsal digit tips (Fig. 1G) . In addition to nails, paw pads, which are located on the ventral surface of the distal digit tip, were also recognizable in Shh 2/2 hindlimbs (green arrow in Fig. 1E ). However, they were less prominent than those of controls (green arrow in Fig. 1D ).
Some distal skeletal elements are formed in Shh
2/2 limbs Genetic data, both in mouse and man, suggest an intimate link between nail development and formation of the distalmost phalange (Baran et al., 1996) limbs have only a single digit-like ray, consisting of one cartilage element in the forelimb (Fig. 2M ,Q, green arrows) and three elements in the hindlimb (Fig. 2N ,R, green arrows). Proximal to the digit ray, a single long bone was observed in E18.5 Shh 2/2 forelimbs, that showed an acute angle bend at its midpoint (Fig. 2M) . The total length of this . A shiny nail is present at the distal tip of E18.5 Shh 2/2 hindlimbs (B, red arrow), although it is¯atter and more medially restricted (B) compared to wild type (C). Hematoxylin and eosin-stained cryosections of a wild-type limb (D), Shh 2/2 hindlimb (E) and Shh 2/2 forelimb (F). The proximal nail fold in the Shh 2/2 hindlimb compared to a control is indicated by a black arrow (D,E). The nail plate of a Shh 2/2 hindlimb, a control and the less well differentiated nail in a Shh 2/2 forelimb are indicated by a red arrow (D±F). Pad and pad-like structures in the Shh 2/2 hindlimb compared to a control are indicated by a green arrow (D,E). Immuno¯uorescence staining of cryosections from a wild-type limb (G) and a Shh 2/2 hindlimb (H) showing AE13-reactive`hard' nail/hair type keratins. FL, forelimb; HL, hindlimb; pp, proximal phalange; mp, middle phalange; dp, distal phalange. Scale bars: 450 mm. .5) or additionally with alizarin red (E16.5±18.5). Limbs are shown from dorsal or dorsolateral perspectives, except E12.5 Shh 2/2 hindlimbs (B), which are shown from a lateral view, and E14.5±18.5 Shh 2/2 hindlimbs (F,J,N), which are presented in a frontal view. Early cartilage condensations at E12.5 are indicated by colored dotted lines (A±D) according to the schematic (T), early centers of mineralization at E14.5 by yellow arrows (E), and presumptive phalanges/ metacarpals(-tarsals) by green arrows (F,R). The cartilaginous`spacer', separating stylopod and zeugopod in E14.5±16.5 Shh 2/2 forelimbs, is indicated by a white arrow (E) and the`mushroom'-shaped structure, representing the zeugopod of the Shh 2/2 hindlimbs, is indicated by a red arrow (N,S). High-power view of Shh 2/2 distal forelimb (Q), distal hindlimb (R) and intermediate hindlimb (S). In the simpli®ed schematics of the appendicular skeleton of E18.5 Shh 2/2 forelimbs (T) and hindlimbs (U), colored bars identify structures in the Shh 2/2 limbs corresponding to those in normal limbs (V). Gray areas in the Shh 2/2 foreand hindlimb schematic represent cartilage. pr, proximal; di, distal; a, anterior; p, posterior; t, tibia; f, ®bula. Scale bars: 450 mm.
bone was similar to a wild-type humerus plus radius/ulna ( Fig. 2M,O) . At its proximal end, this bone articulated with a normal appearing scapula through a well-delineated joint. In E18.5 Shh 2/2 hindlimbs, a short and severely misshapen zeugopod was observed, which connected to a normal appearing femur through a normal appearing joint (Fig. 2S, N, red arrow) . Similar to the wild-type, the Shh 2/2 femur articulated with bones of the pelvic girdle at its proximal end ( Fig. 2N,P) .
As an approach to identify which bones are present in E18.5 Shh 2/2 limbs and to investigate whether branching and axial segmentation occurred (Shubin and Alberch, 1986) , we examined formation of the Shh 2/2 appendicular skeleton during embryogenesis. At E12.5, the forming humerus (femur), paired zeugopod bones (radius/ulna and tibia/®bula), as well as ®ve digital rays were visible in foreand hindlimbs of wild-type embryos, but there was no evidence of axial segmentation within the digit rays (Fig. 2C, D) . In the Shh 2/2 forelimbs, a Z-shaped cartilage condensation was visible ( Fig. 2A) . Interestingly, decreased staining was observed in areas where cartilage condensations bent, possibly re¯ecting early stages of shoulder and elbow joint formation (data not shown). In the Shh 2/2 hindlimb, a femur, a likely zeugopod rudiment and a small autopod were observed (Fig. 2B) .
In normal E14.5 fore-and hindlimbs, individual elements of the appendicular skeleton were well-de®ned, including carpals/tarsals, metacarpals/-tarsals and three phalanges per digit ray, and they were separated along the P±D axis by clearly delineated joint spaces. Early centers of ossi®cation were represented by decreased alcian blue staining (Fig.  2G ,H, yellow arrows). In E14.5 Shh 2/2 forelimbs, the forming ossi®cation centers of the humerus and zeugopod (Fig.  2E , yellow arrows) were separated by a cartilaginous`spacer' that bent at an acute angle and likely represents the presumptive elbow (Fig. 2E , white arrow), but no fully differentiated joint space formed later. Unlike in the wild-type, the Shh 2/2 forelimb zeugopod contained only a single bone, rather than a paired radius and ulna. Most distally, one cartilage element was visible in Shh 2/2 forelimbs ( Fig. 2E , green arrow), whereas in the wild-type forelimbs carpals, a metacarpal and three (two) phalanges were present (Fig. 2G ). The normal appearing femur of E14.5 Shh 2/2 hindlimbs articulated via a presumptive knee joint (Fig. 2F , white arrow) with a misshapen, but in contrast to the forelimb, bifurcated zeugopod with the thinner posterior element, likely representing the presumptive ®bula, and the thicker, anterior, mushroomshaped structure, likely representing the presumptive tibia. (Fig. 2F ,S and data not shown). The identi®cation of the Shh 2/2 hindlimb zeugopod elements is supported by a recent ®nding of Barna et al. (2000) illustrating the structure of adult Plzf 2/2 hindlimbs, which resemble a mild phenocopy of the Shh mutant hindlimb. Most distally in the Shh 2/2 hindlimb, three linearly arranged cartilage elements extended from the zeugopod (Fig. 2F,R, green arrows) .
At E16.5, dual staining with alcian blue and alizarin red, showed the expansion of ossi®cation centers towards the proximal and distal ends in the individual long bones in wild-type and Shh 2/2 embryos (Fig. 2I±L ). Of note, in the Shh 2/2 forelimb the bent cartilaginous`spacer' continued to separate what we assume to be the stylopod and zeugopod at the presumptive elbow region at E16.5 (Fig. 2I , white arrow). By E18.5, in the wild-type the ossi®cation centers of the long bones had extended throughout the shaft, excluding the articular heads of the long bones ( Fig. 2O,P) . In E18.5 Shh 2/2 forelimbs, no joint space was present between the presumptive stylo-and zeugopod elements and the ossi®cation centers frequently extended over the presumptive elbow region and merged together; thus except for the long length, the bone could be mistaken as a bent humerus at this stage ( Fig. 2M) (Chiang et al., 1996) . Also the distalmost small cartilage element was still not ossi®ed (Fig. 2M, green  arrow) . In E18.5 Shh 2/2 hindlimbs, the previously paired zeugopod elements appeared fused proximally, with only the`cap of the mushroom' of the presumptive tibia being ossi®ed (Fig. 2N ,S, red arrow). The three distal elements in the digit ray showed a center of ossi®cation at this stage (Fig. 2R, green arrows) .
In summary our analysis indicated that, in Shh 2/2 forelimbs ( Fig. 2A,E,I ,M), the scapula and proximal humerus articulate via a joint, while the distal humerus is fused to an unpaired zeugopod (radius/ulna). The cartilage extension at the distal end of the radius/ulna suggests a possible fusion with bones of the proximal autopod (carpals). A separate linear cartilaginous element most distally is suggestive of either a phalange or a metacarpal. In Shh 2/2 hindlimbs (Fig. 2B,F,J,N) , a joint connects the femur proximally with bones of the pelvic girdle and distally with a malformed zeugopod, which forms as a result of secondary fusion of the tibia and ®bula. Tarsals are not distinct in Shh 2/2 hindlimbs. Distally, three mineralized elements likely represent a single digit ray in Shh 2/2 hindlimbs, which could be phalanges and possibly a metatarsal.
Limb bones of Shh mutants are trapped within the body wall
A striking observation in Shh 2/2 embryos was that only the distalmost part of the appendicular skeleton extended from the body wall at E18.5, while the stylopod and zeugopod were trapped within the same compartment as the axial skeleton (see Figs. 1A and 2U, V) . In contrast, in wild-type embryos the anlagen of the zeugopod (ulna/ radius and tibia/®bula) protruded from the body wall lining from E11.5 onward, enveloped in their own skin and connective tissue; the stylopod emerged by E16.5. The presumptive ectoderm and super®cial mesenchyme enveloping the emerging part of a Shh 2/2 limb had approximately doubled in its P±D extension between E11.5 and E16.5, while they had increased six to eight times in length in the wild-type.
Fgf8 expression persists in the AER of Shh mutants, but not in its complete A±P dimension
A functional AER is a critical factor for directing both P± D and A±P outgrowth of the limb. Shh signaling by the ZPA is known to be important for maintaining the AER and Fgf expression. Previous molecular analyses of Fgf gene expression in Shh 2/2 limbs were performed only at E10.25±10.5, which is soon after the onset of Shh expression in the limb. These studies showed that whereas Fgf4 expression is lost at E10.25 (Zuniga et al., 1999) and Fgf9 and 17 expression is lost at E10.5 (Sun et al., 2000) , Fgf8 expression appears normal in Shh mutants by E10.5 (Sun et al., 2000) . Given the phenotype of Shh 2/2 limbs, we extended these studies to determine the impact of loss of Shh expression on later AER morphology and Fgf8 expression. While Fgf8 expression was initiated normally it was not maintained along the complete A±P dimension (Fig. 3) . By E10.75 Fgf8 expression was already restricted to a small region of the posterior forelimb AER (Fig. 3 , green arrow, and data not shown), while it was just fading out from anterior to posterior in the hindlimb at E11.5 (Fig. 3C, red arrows) . The downregulation of Fgf8 expression from anterior to posterior in the AER of Shh mutants, correlated with a progressive collapse of the A±P expansion of the handplate between E11.5 and 12.5. This collapse was more pronounced in the forelimb (Fig. 3E) . The remaining limb rudiment in Shh mutants could possibly be supported by the small residual domain expressing higher levels of Fgf8. Interestingly, in contrast to Fgf8 expression, En1 and Dlx2 expression did not fade anteriorly by E12.0 (see Fig. 6C and data not shown), suggesting that only a subgroup of AER markers require Shh signaling for maintenance of their expression. The overall A±P length of the Dlx2 and En1 expression domains paralleled the reduced A±P dimension of the thickened ectodermal ridge and collapse of the handplate. In contrast, the Fgf8 expression domain displayed a much more severe restriction in its A±P expanse, remaining strongest only as a small posterior dot of expression.
Late, Ihh-dependent expression of Hh target genes is normal in Shh mutant limbs
To examine in more detail events on the genetic level during limb development in Shh 2/2 embryos, we investigated the expression pattern of two Shh downstream target genes: Gli1 (Kinzler et al., 1987) and Patched1 (Ptc1) . Gli1 together with Gli2 are thought to be downstream transcriptional mediators of Shh signaling, while Gli3 appears to mainly exhibit a repressor function (Buscher and Ruther, 1998; Forbes et al., 1993; Hui and Joyner, 1993; Mo et al., 1997; Park et al., 2000; Ruiz i Altaba, 1997 , 1999 Ruppert et al., 1990) . Gli1 expression overlaps with Shh expression during very early limb development but fades from the region of Shh expression by E11.0 and remains only adjacent to Shh (Platt et al., 1997) . In E12.5 embryos, Gli1 is expressed in the forming skeletal elements of the developing hand-and footplate, close to Ihh expression, and can serve as an early marker for the condensing cartilage (Fig. 4E,F) (Platt et al., 1997) . By E13.5, two rings of Gli1 expression in the wild-type hindlimb delineate the proximal two phalanges of digits Fig. 3 . Expression of the AER marker Fgf8 in wild-type (B,D,F) and Shh 2/2 (A,C,E) limbs during relevant stages of AER development. By E10.5, an AER is initialized normally in Shh 2/2 limbs (A). By E11.5, Fgf8 expression is restricted to the posteriormost AER in Shh 2/2 forelimbs (C,E, green arrow), while it is fading in an anterior to posterior direction in Shh 2/2 hindlimbs (C, red arrow). Note the dramatic collapse of the Shh 2/2 handplate between E11.5 and 12.5 (C,E) compared to wild-type controls (D,F). Scale bars: 450 mm. Ihh expression in E13.5±14.5 Shh 2/2 (Q±T) and wild-type (U±X) limbs is similar to Gli1 and Ptc1 expression (Q±X, red arrows), consistent with Ihh maintaining Gli1 and Ptc1 expression at these stages. Note the expression domain at the digit tip of E14.5 wild-type (W,X, white arrowheads) and distal tip of Shh 2/2 limbs (T, white arrowheads). Scale bars: 450 mm. 2±5 (Fig. 4H) . Gli1 is also expressed in two stripes for each region of the forming metacarpals and metatarsals (Fig.  4G ,H, red arrows). In Shh 2/2 embryos, Gli1 transcripts were absent at E10.75 and 11.75, but at E12.5 expression of Gli1 appeared in two distinct domains in Shh 2/2 fore-and hindlimbs, likely delineating the cartilaginous condensations of the zeugopod and autopod (Fig. 4A,B) . At E13.5, two linear stripes of Gli1 expression could be observed in the Shh 2/2 forelimb (Fig. 4C, red arrow) , while the hindlimb showed two linear stripes (Fig. 4D , red arrow) plus two rings (Fig. 4D, white arrows) of Gli1 expression, the latter likely representing the presence of two phalanges (Fig.  4C,D) .
Ptc1, which encodes a Hedgehog receptor Stone et al., 1996) , is normally expressed similar to Gli1 at high levels in a region overlapping with Shh expression, then adjacent to it and subsequently in regions of cartilage condensations including the digit tip (Platt et al., 1997) . To investigate whether Ptc1 expression is maintained during limb development in Shh mutants, we examined Ptc1 expression in E10.75 to E14.5 limbs of wild-type and Shh 2/2 embryos (Fig. 4I±P ). Similar to Gli1, Ptc1 transcripts were absent in E10.75 and E11.75 Shh 2/2 limb buds. In control E12.5 littermates Ptc1 expression delineated cartilage condensations of the forming zeugopod, metacarpals (-tarsals) and slightly weaker domains in the phalange region. By E12.5 in the Shh mutants, weak Ptc1 expression was detected in fore-and hindlimbs in two domains delineating the condensing cartilage, similar to Gli1 expression. An additional expression domain was present more distally in Shh 2/2 limbs (Fig. 4I,J) . In older wild-type limbs (E13.5), Ptc1 expression marked the phalanges (Fig. 4Q,P) (Platt et al., 1997) . In Shh 2/2 embryos, Ptc1 expression was similar to Gli1 expression at this stage, but weaker (Fig. 4K,L) .
We examined Ihh expression to investigate whether late Ptc1 and Gli1 expression in Shh mutants could be a response to Ihh signaling. Expression of Ihh is known to appear around E12.5 when Shh expression starts to fade (Bitgood and McMahon, 1995; Vortkamp et al., 1996) . Ihh expression began to be detectable at the digit tip of E12.5 wildtypes (data not shown) (Platt et al., 1997) , and showed a very focused expression in developing phalanges and metacarpals/-tarsals by E13.5 (Fig. 4U,V) . In Shh 2/2 embryos Ihh was ®rst detectable at E13.5 as two expression domains (Fig. 4Q) , likely corresponding to the two phalange-like Gli1 expression domains in the protruding limbs (Fig.  4R) . At E14.5, Ihh showed focal expression in the digit tips of control and Shh 2/2 limbs, however it was weaker in the mutants.
In summary, Shh signaling is required for the expression of the Hedgehog target genes Gli1 and Ptc1 at E10.75 and 11.75. The observed expression of both Gli1and Ptc1 by E12.75 likely re¯ects a response to Ihh expression, which is detectable in Shh 2/2 limbs by E13.5.
5
H Hoxd genes are expressed in Shh 2/2 limbs 5 H members of the Hoxa and Hoxd gene clusters are known to be crucial for digit development and speci®cation and their expression is partially regulated by Shh signaling (Duboule, 1994; Knezevic et al., 1997; Zakany et al., 1997) (for review see Mackem and Knezevic, 1999) .Therefore we investigated the transcript distribution of Hoxd13, a marker hindlimb and at E12.5 in the distalmost Shh 2/2 hindlimb (A,E, red arrows). Expression of Hoxd13 in the forelimb was not detected (C). In corresponding wildtype limbs (B,D,F), the expected shift of Hoxd13 expression from posterior to anterior was observed. Scale bars: 450 mm.
for distal autopod development, in Shh 2/2 limbs (Fig. 5 and data not shown).
Hoxd13 is the most 5 H member of the Hoxd gene complex. Normally, at E10.5, Hoxd13 is expressed posteriorly in the handplate and subsequently shifts anteriorly. In Shh 2/2 embryos Hoxd13 transcripts were not detectable at E10.5 but at E11.5 Hoxd13 was weakly expressed in the posterior part and at E12.5 in the distalmost part of Shh 2/2 hindlimbs (Fig. 5A,E, red arrows) .
2.7.
Early D±V patterning appears largely unaffected in Shh 2/2 limbs As described in the introduction, D±V signaling is required to maintain Shh signaling. To investigate whether Shh in turn is required for D±V patterning, we analyzed two relevant marker genes: Lmx1b which is normally expressed in the dorsal mesenchyme (Chen et al., 1998) , and En1, which is expressed in the ventral ectoderm and ventral AER (Loomis et al., 1996) . In E11.0 and 12.0 Shh 2/2 limbs, expression of En1 and Lmx1b was restricted to the ventral ectoderm and dorsal mesenchyme, respectively (Fig.  6) . At E12.0, Lmx1b expression was more dramatically reduced in the distal mesenchyme of Shh 2/2 forelimbs compared to wild-type limbs (Fig. 6G,H) . This aberrant expression of Lmx1b in the distal forelimbs of Shh 2/2 mutants likely explains the less well-differentiated nail in the Shh 2/2 forelimb compared to the hindlimb (Fig. 1E,F) , since this gene has been show to be critical for normal nail development (Chen et al., 1998) .
Discussion
Recently, the important roles of genes, other than those known to function in the three limb signaling centers have been demonstrated (Barna et al., 2000; Charite et al., 2000; Fernandez-Teran et al., 2000; Zuniga et al., 1999) , indicating that the existing models of limb development likely only re¯ect a part of the complexity which underlies the mechanisms regulating limb patterning. In contrast to previous Shh mutant analyses and predictions based on gain-of-function studies, we demonstrate that aspects of P±D limb development are not dependent on Shh, whereas elaboration of A±P patterning is. We also demonstrate that Shh signaling is required after E10.5 for maintaining a high level of Fgf8 expression, but not Dlx2 and En1 expression, along the entire A±P axis of the AER. Finally, our ®nding that most of the appendicular skeleton is within the body wall of Shh mutants indicates a new role for Shh in extension of limb ectoderm and super®cial mesenchyme.
Some distal limb structures form despite an absence of Shh function
Although both A±P and P±D patterning are affected in Shh mutant limbs, we ®rst address the impact of a loss of Shh on limb development along the P±D axis. The prevailing model for distal limb outgrowth is that a positive feedback loop between the AER and ZPA, involving Fgf and Shh is required to maintain the AER and ZPA, and that the AER promotes cell proliferation in the underlying PZ and continued limb elongation (Crossley and Martin, 1995; Crossley et al., 1996; Fallon et al., 1994; Mahmood et al., 1995; Moon et al., 2000; Niswander and Martin, 1992; Niswander et al., 1993; Saunders, 1948; Summerbell, 1974; Sun et al., 2000; Zuniga et al., 1999) . Based on this, it has been predicted that loss of Shh signaling from the ZPA would result in loss of Fgf expression in the AER and precocious truncation of the limb with loss of intermediate and distal structures. Initial analysis of the phenotype of Shh 2/2 mice supported this prediction (Chiang et al., 1996) . More recent studies have shown that Fgf signaling is initiated normally in the AER of E10.25±10.5 Shh mutants (Sun et al., 2000; Zuniga et al., 1999) , as would be expected, for at least Fgf8, which is normally expressed before the onset of Shh. Based on data of an early stage of AER maturation, it was suggested that Fgf8 expression can be maintained in the absence of Shh signaling and therefore a positive Fgf8/Shh feedback loop does not exist (Sun et al., 2000) . In contrast, we demonstrate, that by E10.75 high level Fgf8 expression is restricted to a small domain in the posterior AER of Shh 2/2 forelimbs, and by E11.5 Fgf8 expression is fading from anterior to posterior in Shh 2/2 hindlimbs. However, a small posterior domain of Fgf8 expression persists until E12.5 in both the Shh mutant fore-and hindlimbs. Importantly, although the levels of Fgf signaling are insuf®cient for normal proliferation by the PZ mesenchyme and complete P±D outgrowth, the levels might be adequate to support some aspects of distal autopod development, especially in the hindlimbs, since a single digit-like structure forms.
Our studies of the developmental progression of Shh 2/2 limbs demonstrate that the defects do not simply re¯ect premature truncations with loss of intermediate and distalmost structures, as previously suggested (Chiang et al., 1996) . Based on both morphological and molecular criteria, we show that hindlimbs of E18.5 Shh 2/2 mice develop a nail, an unambiguous morphological characteristic of the distalmost limb. Since a nail normally forms in close proximity to the distalmost phalange (Baran et al., 1996) , we suggest that the distalmost skeletal element in Shh 2/2 hindlimbs represents the distalmost phalange, due to its cone shape and ossi®ed distal end. The adjacent element likely represents a second phalange and the proximalmost element could be a phalange/metatarsal fusion, based on its linear shape and distally shifted center of ossi®cation. These assignments are consistent with the weak Hoxd13 expression observed at E12.5 and Ihh, Gli1 and Ptc1 expression patterns at E13.5. The identity of the cartilage element in the distal forelimb is unclear; however, the absence of Hoxd13 expression, the more rapid fading of Fgf8 expression in the forelimb AER and the more dramatic collapse of the handplate would favor a more proximal autopod structure.
3.2. Does Ihh signaling at the digit tip play a role in sustaining distal autopod outgrowth?
Ihh in normal limbs begins to be expressed in the condensing mesenchyme of the digits around E12.5 as well as interestingly in a small domain at the tip of each presumptive digit (Platt et al., 1997) . Given this, in Shh mutants, shortly after E12.5, Ihh might take over for Shh and direct outgrowth and patterning the distal autopod that forms after Shh expression normally ends. Consistent with this, experimental misexpression of Ihh in anterior chick limbs (Vortkamp et al., 1996) , as well as aberrant anterior expression of Ihh in Doublefoot (Dbf) mouse mutants (Lyon et al., 1996; Yang et al., 1998) , result in extreme polydactyly, despite normal Shh expression. Thus Ihh, like its homologue Shh, is capable of promoting the formation of distal autopod structures.
The generation of Ihh-de®cient mice has demonstrated the importance of Ihh signaling for proliferation and differentiation of chondrocytes and therefore bone elongation (Karp et al., 2000; St-Jacques et al., 1999) . These studies further demonstrated that lack of Ihh expression results in an absence of axial separations of autopod elements (StJacques et al., 1999) . However, without axial separations, it is dif®cult to discern whether primordia of the distalmost skeletal elements are present within the aberrantly shortened autopod rays of Ihh 2/2 mice. Moreover, the presence of nails was not reported for Ihh 2/2 mice. Thus, it is not clear from the published data whether Ihh is required normally for the speci®cation of distal autopod structures. We suggest that in general, Ihh together with Shh enables development of distalmost limb elements.
Shh signaling is required for proper development of some intermediate appendicular skeletal elements
Formation of the limb skeletal anlagen entails (1) condensation of central limb mesenchymal cells, (2) differentiation of these cells to form a cartilage model, and (3) mineralization of the cartilage model to form bone (endochondral ossi®cation) (reviewed in Baur et al., 2000) . Patterning of the skeletal framework is established during the condensation phase by the coordinated iteration of three processes: de novo condensation, branching and segmentation (Shubin and Alberch, 1986) .
Shh is not required for formation of the stylopod and proximal joints, as these structures appear normal in Shh 2/2 mice (Fig. 2) . Moreover, our studies demonstrate that Shh signaling is dispensable for some aspects of more distal P±D development of hindlimb structures, albeit not for A±P elaboration of the structures as only one digit ray forms in the mutants rather than ®ve (see below). In the hindlimb although the distalmost elements in Shh 2/2 hindlimbs form, intermediate limb structures (zeugopod and proximal autopod) are severely malformed. In contrast, the zeugopod bones in Shh 2/2 forelimbs appear similar in length to wild-types, but are fused, and some autopod elements are missing and a nail is not well differentiated.
It is likely that the defects we describe in Shh 2/2 limbs are the result of a disruption in PZ proliferation and that loss of Shh in the ZPA causes an inhibition of proliferation in the PZ through a reduction in Fgf signaling from the AER after the stylopod has been established. Furthermore, since the time spent under the in¯uence of distalizing signals from the AER is thought to determine the P±D identity of cells leaving the PZ (Summerbell, 1974) , it is possible that the temporal persistence of Fgf8 expression in a more expanded domain in the Shh 2/2 hindlimb relative to the forelimb allows increased distalization of the hindlimb.
Shh signaling is required for A±P expansion and branching of the appendicular skeleton
Clearly, in addition to the P±D abnormalities, a major result of a lack of Shh function is a reduction in A±P expansion and branching of the limbs. Skeletal elements distal to the stylopod fail to branch properly, resulting in a single zeugopod element in the forelimbs and partially bifurcated zeugopod in hindlimbs, as well as a single digit ray in both limbs (Figs. 1A,B and 2 ). Since Shh signaling is active in the limb during the time frame (E9.75±12.5) when branching of the appendicular skeleton occurs (Baur et al., 2000; Duboule, 1994) , Shh signaling likely regulates this process. The general importance of Shh signaling in promoting branching is further supported by data from other organs affected in Shh 2/2 mice: the lack of bifurcation in the forebrain (holoprosencephalie) (Chiang et al., 1996; Roessler et al., 1996) and the lack of branching in the trachea and lung lobes (Litingtung et al., 1998; Pepicelli et al., 1998) .
Our studies and Shh mis-expression studies support the idea that Shh can promote branching in the limb at least through its regulation of the size of the Fgf8 expression domain in the AER. We suggest that the lack of branching of the cartilage condensations in Shh 2/2 limbs is caused by the small A±P expression domain of Fgf8, which can support proliferation in fewer mesenchymal cells. The rapid A±P collapse of the Fgf8 expression domain in the forelimbs after E10.75 would therefore preclude bifurcation of zeugopod and autopod; while the slower A±P collapse in the hindlimb would allow bifurcation of a truncated zeugopod, but no bifurcation of the autopod. Moreover, in addition to the impact of Shh loss-of-function on Fgf8 expression, the lack of branching could re¯ect a more direct effect on mesenchyme proliferation and speci®cation, mediated by Hox genes (Duboule, 1994; Mackem and Knezevic, 1999) .
Interestingly, loss of Fgf8 expression is likely not caused by death of AER cells, since En1 and Dlx2 transcripts continue to delineate a linear ridge spanning the entire distal margin of Shh 2/2 limbs, extending beyond the residual strong Fgf8 domain (Fig. 6A,C and data not shown) . Moreover, a thickened ridge can be observed on histological sections even after Fgf8 has largely been downregulated (data not shown). If the AER has functions distinct from Fgf8 signaling, then these functions have been spatially separated in the remaining Shh mutant AER.
3.5. Shh signaling is required for skin outgrowth and formation of a limb compartment Outgrowth of the skin and underlying connective tissue does not proceed in parallel with elongation of the appendicular skeleton in Shh mutants, thus a distinct`limb compartment' is not appropriately formed (see schematic in Fig. 2 ). This indicates that Shh signaling is either directly or indirectly required for proliferation of the surface ectoderm as well as super®cial mesenchyme. Since post-translational cholesterol modi®cation is essential for certain aspects of Shh signaling (Porter et al., 1996) , it is likely relevant to note that a strikingly similar phenotype occurs in rats treated with the cholesterol synthesis inhibitor AY9944 (see Fig. 4 in Roux et al., 2000) . Unfortunately, data regarding the skeletal phenotype of these animals was not provided; thus the conclusion whether this is a mild phenocopy of Shh 2/2 limbs can not be drawn.
Conclusions
In summary, our studies have uncovered three aspects of Shh functioning in limb development. First, Shh signaling is critical for development of only some intermediate and distal appendicular skeletal elements. We suggest Ihh signaling participates in formation of the distalmost structures, at least in the Shh 2/2 hindlimbs. Second, Shh signaling is required for A±P expansion of the AER and handplate, but not for maintenance of a small domain of Fgf8 expression in the posterior AER. The resulting branching of the zeugopod and autopod is also dependent on Shh. Finally, Shh signaling is important for outgrowth of the limb ectoderm and super®cial mesenchyme and thus for the formation of a distinct limb compartment.
Experimental procedures

Breeding and genotyping of mice
Mice, heterozygous for a Shh null allele (Chiang et al., 1996) , were bred onto the Swiss Webster outbred and C57BL/6J inbred backgrounds. Genotyping for the mutant allele was performed by PCR analysis on tail tips. Tissue samples were digested at 658C for 6±8 h in 100 ml lysis buffer (50 mM Tris (pH 8.8), 1 mM EDTA, 0.5% Tween-20, 200 mg/ml Proteinase K). The digested samples were denatured at 1008C for 10 min and polymerase chain reaction (PCR) ampli®ed for 35 cycles (948C 30 s/628C 30 s/ 728C 30 s). The mutant allele was detected as a 230 bp fragment using a pair of neo speci®c primers: sense strand 5 H -GAACAAGATGGATTGCACGCAG-3 H and antisense strand 5 H -TTCAGTGACAACGTCGAGCACA-3 H . Homozygous Shh 2/2 embryos were determined by their phenotype. For limb analysis, Shh heterozygous mice were further crossed with En1 lki/1 (Wurst et al., 1994) . Presence of the En1 lki allele was detected by staining for b-galactosidase activity.
4.2. Whole-mount RNA in situ hybridization and staining for b -galactosidase activity
The morning that the plug was detected was denoted as embryonic day 0.5 (E0.5). For whole-mount RNA in situ hybridization (RNA-ISH) embryos or dissected limbs were ®xed over night in 4% paraformaldehyde at 48C. RNA-ISH was performed as described (Loomis et al., 1996) . As substrate for the alkaline phosphatase reaction, we used NBT/BCIP as recommended by the manufacturer (Boehringer Mannheim Biochemicals). Single stranded digoxigenin-UTP-labeled mRNA probes were synthesized from linearized template DNA strands as directed by the manufacturer (Boehringer Mannheim). For limb phenotype analysis of E10.5±14.5 Shh 2/2 and control embryos we investigated the expression pattern of Fgf8 (Crossley and Martin, 1995) , Dlx2 (Robinson and Mahon, 1994) , Ihh (Bitgood and McMahon, 1995) , Ptc, Gli1 (Platt et al., 1997) , Hoxd13 (Dolle et al., 1989 ) Lmx1b (Cygan et al., 1997) , and En1 (Wurst et al., 1994) . To reveal b-galactosidase activity E11.5 F1[Shh 1/2 £ Shh 1/2 /En1 lki ] embryos were dissected free of extra-embryonic tissues, ®xed for 20 min in 4% paraformaldehyde at 48C and stained as described (Loomis et al., 1998) .
Histology and immunostaining
For histological analysis, embryos were ®xed over night at 48C in 4% paraformaldehyde (PFA), then equilibrated in 30% sucrose and embedded in OCT. Cryosections of 10 mm were collected on glass slides and stained with hematoxylin/ eosin (Loomis et al., 1996) . For immuno¯uorescence analysis, fresh frozen tissue samples were embedded in OCT. Cryosections of 10 mm were collected on glass slides. The sections were incubated for 1 h at 378C with the primary monoclonal antibody AE13, which recognizes acidic`hard' keratins, speci®c for nail and hair (Lynch et al., 1986) . The slides were rinsed thoroughly and incubated for 30 min at room temperature in the dark with a sheep¯uorescein-coupled anti-mouse antibody (Jackson Laboratory) at a 1:200 dilution.
Cartilage and bone analysis
Skeletons of E16.5 and older embryos were prepared free of skin and ®xed in 95% ethanol or 4% paraformaldehyde and stained with alizarin red and alcian blue, speci®c for cartilage and bone (Lufkin et al., 1992) . Stained skeletons were stored and photographed in a glycerin/ethanol solution. Embryos younger than E16.5 were ®xed in Bouin solution without prior removal of skin and stained with alcian blue (Tribioli and Lufkin, 1999) .
